Background. Glioblastoma multiforme is the most common lethal brain tumor in human adults, with no major therapeutic breakthroughs in recent decades. Research is based mostly on human tumor cell lines deprived of their organotypic environment or inserted into immune-deficient animals required for graft survival. Here, we describe how glioblastoma specimens obtained from surgical biopsy material can be sectioned and transferred into cultures within minutes. Methods. Slices were kept in 6-well plates, allowing direct observation, application of temozolomide, and irradiation. At the end of experiments, slice cultures were processed for histological analysis including hematoxylin-eosin staining, detection of proliferation (Ki67), apoptosis/cell death (cleaved caspase 3, propidium iodide), DNA double-strand breaks (gH2AX), and neural subpopulations. First clinical trials employed irradiation with the heavy ion carbon for the treatment of glioblastoma patients, but the biological effects and most effective dose regimens remain to be established. Therefore, we developed an approach to expose glioblastoma slice cultures to 12 C and X-rays.
G lioblastoma multiforme (GBM) is among the most common lethal tumors, with patients having an average life expectancy of ,18 months after diagnosis. While substantial progress has been made with regard to understanding tumor pathogenesis, 1,2,3,4 -7 expansion, 8 bystander damage, 9 migration, 10 altered protein expression, and resistance to cell death, 11 none of this information significantly affects life expectancy or quality of life.
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certainly help identify basic principles of tumor biology and immunology, it is difficult to directly translate observations to the human disease and to develop accurate or even individualized therapeutic strategies based on such experiments. We have previously used organotypic entorhinohippocampal slice cultures in which all neural subpopulations of cells and the basic interneuronal connections are maintained. 12 -16 These organotypic slice cultures include several advantages, such as (i) the presence of the organotypic matrix, which is increasingly appreciated as providing crucial signaling for site-specific cellular differentiation 17 -20 ; (ii) open access allowing treatment and direct observation over extended periods of time; and (iii) collection of supernatants for analysis over time. Using brain slice cultures obtained from epilepsy surgery, we have shown that normal human brain cells, in contrast to the murine system, are susceptible to lysis by tumor necrosis factor-related apoptosis-inducing ligand. 21, 22 This exemplified the need for the development of human test systems for the evaluation of toxicity and preclinical research, an issue that gained worldwide attention after the "London tragedy," in which 6 volunteers experienced toxic shocks and cytokine storms in response to an anti-CD28 antibody that had been previously well tolerated by rodents and monkeys. 23, 24, 25 Over the last few years, the use of human slice cultures of tumors in research has begun to emerge in the literature, 26, 27 underlining an emerging awareness of species differences.
One possible novel approach to treating GBM could be irradiation with high-energy carbon ions. Heavy ion (HI) therapy was developed over 50 years ago at the Lawrence Berkeley Laboratory in the United States and is currently in operation in several centers in Europe and Asia. 28 The rationale of using particles heavier than protons for therapy lies in their special radiobiological characteristics, especially in their ability to overcome radioresistance. 29 This high relative biological effectiveness makes them attractive for use against tumors resistant to conventional therapy, such as GBM. Clinical results support the rationale of the therapy, and a clinical trial on glioblastoma is currently under way in Heidelberg. 30 Here, we tested the survival and suitability of slice cultures derived from GBM as a test system for current and future therapeutic strategies, based on our previous findings. 31, 32 Tumor tissues obtained directly from neurosurgical operations were immediately transported to the laboratory in media, cut into 350-mm sections, and kept on membranes in 6-well plates for up to 4 weeks. We exposed GBM slice cultures to temozolomide (TMZ), X-rays, and irradiation with the HI carbon ( 12 C) and monitored the effect on proliferation, cell death, and DNA double-strand breaks (DSBs). Our data showed that therapeutic effects can be mimicked well in such slice preparations, which therefore are potentially suitable as an experimental model to better understand mechanisms of tumor resistance, as well as a test system for novel therapies and susceptibility assays for personalized treatment.
Materials and Methods

Tissue Slice Preparation
All patients provided written informed consent according to German law as confirmed by the local committees (144-2008 and 837.211.12-8312-F). Glioblastoma tissue not required for neuropathological diagnostic procedures was obtained after surgical resection at the Department of Neurosurgery (Leipzig or Mainz). An overview of the samples used in this study is given in Table 1 . The tissue was transported to the laboratory in minimal essential medium (MEM; Invitrogen). Slice cultures were prepared using a vibratome (Leica VT 1000) or a tissue chopper (McIlwain TC752) at a thickness of 350 mm under sterile conditions. Before preparations, a standard razor blade was wiped with ethanol to remove any oil and then sterilized by autoclaving. Additionally, a normal glass pipette and a pipette with the fine tip broken off were autoclaved. If needed, biopsy specimens were cut into appropriate-size pieces first to obtain evenly shaped slices of 5 × 5 mm. When the tissue chopper was used, the tissue was put on a stack of sterile filter membranes, cut, and then transferred carefully into ice-cold MEM by forceps. In most of the preparations, the slices stuck together after cutting, so they were separated under a stereomicroscope with 2 scalpels without cutting into the tissue. Slices were then transferred by the glass pipette with the wide opening onto membrane culture inserts (Millipore) in 6-well plates at a maximum of 3-4 slices per insert depending on size. The cultivation medium consisted of MEM (Gibco), 25% Hank's Balanced Salt Solution (with Ca and Mg; Gibco), 25% N-hydroxysuccinimide (Gibco), 1% L-glutamine (Braun), 1% glucose (stock solution 45%, final concentration 0.45%; Braun), and 1% penicillin/streptomycin (Sigma). Slices were cultivated on a liquid/air interface in a humidified incubator at 378C and 5% CO 2 . Medium was changed 3 times a week. After time points ranging from 1 h to 4 weeks, slices were fixed in 4% paraformaldehyde and processed for paraffin embedding. Paraffin sections (8 mm) were cut and stained with hematoxylin and eosin (H&E) for histology. Histology of these sections was compared with the diagnostic histopathology of the same tumor to detect tissue culture -induced changes. For immunocytochemistry, sections were dewaxed in xylene, rehydrated in a decreasing alcohol series, and (if needed) pretreated for antibody staining with citrate buffer (pH 6) in a microwave. Then, sections were washed in phosphate buffered saline (PBS), permeabilized with 1.5% Triton/PBS for 10 min, blocked with 10% normal goat serum in 1.5% Triton/PBS for 1 h, and incubated overnight at 48C with primary antibodies against Ki67 (rabbit, 1:100; DCS), cleaved caspase 3 (rabbit, 1:400; Cell Signaling), glial fibrillary acidic protein (GFAP; Dako, rabbit, 1:600; Dako), nestin (rabbit, 1:600; Chemicon), vimentin (mouse, 1:100; Dako), neurofilament (mouse, 1:100; Dako), or gH2AX (mouse, 1:100; Millipore). Visualization was achieved by incubation either with appropriate fluorescent-labeled secondary antibodies (goat anti-mouse or anti-rabbit Alexa 488) or with biotinylated anti-rabbit immunoglobulin G followed by streptavidin-conjugated horseradish peroxidase and developing by adding diaminobenzidine for the color reaction. For fluorescent staining, photographs were taken using an Olympus BX51 fluorescent microscope or a Zeiss LSM 510 confocal microscope. In addition to the green fluorescent channel, the red channel was included because some of the samples exhibited a strong autofluorescence, which is normal in the nonjuvenile human brain. Only cells devoid of red fluorescence were used for further analysis. For H&E and diaminobenzidine staining, a Zeiss Axioplan 2 microscope was used.
Analysis of Proliferation in Slices
Paraffin sections (8 mm) of slices were dewaxed as previously described here, and proliferating cells were stained with the Ki67 antibody. Nuclei were counterstained with Hoechst 33342. Then, at least 12 images were acquired of 4-6 different sections per group and manually analyzed using ImageJ and the PlugIn CellCounter. The percentage of Ki67-positive cells in relation to the total cell number was referred to as the proliferation index. Statistics were performed using GraphPad Prism 5 (Student's t-test).
Treatment of Glioblastoma Tissue Slices With Temozolomide
Glioblastoma tissue slices maintained on cell culture inserts were incubated with TMZ (dissolved in dimethyl sulfoxide) at a final concentration of 50 or 200 mM of the compound. Control slices were incubated with the corresponding amount of dimethyl sulfoxide (0.2% v/v). After 72 h, tissue slices were removed from the membranes and incubated in 500 mL of medium and 10 mg/mL of Hoechst 33342 (Sigma) at 378C and 5% CO 2 for 1 h to allow for nuclear staining. The tissues were then transferred into 1 mL PBS containing 2 mg/mL propidium iodide (PI; Invitrogen) and gently fixated between 2 glass coverslips. For confocal imaging and quantification of viable and dead cells within the tissues, an LSM-510 META inverted laser scanning microscope and a 20×/0.8 Plan-Apochromat objective (Carl Zeiss MicroImaging) were used. Hoechst 33342 was excited at 364 nm. PI was excited with the 543-nm laser line. Viable cells with Hoechst-positive and PI-negative nuclei, and dead cells with Hoechst-positive and PI-positive nuclei, were counted in 2 or 3 images of each tissue slice per group. Data were obtained from 3 individual experiments. One-way ANOVA was used, and P , .05 was considered to be statistically significant.
Irradiation of Glioblastoma Slice Cultures
Photon irradiation of slices was performed at the Department for Radiation Therapy and Radio-oncology, University of Leipzig, with a 150-kV X-ray unit (DARPAC 150-MC) with an energy of 13.2 mA and a dose rate of 0.86 Gy/min. Cell culture plates were placed under a specially constructed plate device and irradiated until the desired dose was reached. Alternatively, photon irradiation was performed using the GSI X-ray device (GE Isovolt Titan 320, 250 kV, 16 mA) at a dose rate of 1.4 Gy/min.
HI irradiation with a carbon beam was performed at GSI (Gesellschaft fü r Schwerionenforschung), Darmstadt, at the former patient irradiation site. The ion beam was generated at the SIS18 synchrotron facility and delivered in a spread-out Bragg peak (SOBP 33 ) as used in carbon ion therapy. The dose applied to the slices was 2 or 4 Gy in a 50-mm-width SOBP corresponding to a linear energy transfer range of 50-70 keV/mm. With this method, the target tissue volume is distributed into voxels in a treatment plan. Then, the ion beam is directed at the 3-dimensional tumor volume, using active energy variation and the raster scanning technique. For experiments with slice cultures, the volume was defined as the area and the height of 1 well. Before and after irradiation, slice cultures were kept in an incubator as previously described here and were removed for only about 15 min for transport and to place them on the irradiation belt.
After irradiation, slices were fixed in 4% paraformaldehyde after one of several time points, washed in PBS, and further processed for paraffin embedding or cryosectioning. Cryosections were cut at 14 mm and stored at -808C until further use. Paraffin sections were prepared at 8 mm, dried, and stored at room temperature.
For staining of DNA DSBs, cryosections were dried for 20 min at room temperature and then washed twice in PBS and incubated with 1.5% Triton/PBS for 10 min. Then sections were blocked with 10% normal goat serum in 1.5% Triton/PBS for at least 1 h, followed by incubation overnight at 48C with gH2AX primary antibody (mouse monoclonal, 1:100; Millipore). Then, sections were washed 3 times with PBS and incubated with the secondary antibody (goat anti-mouse 1:1000; Alexa 488, Invitrogen) for 1 h, washed again, counterstained with Hoechst 33342, and mounted with Dako fluorescent mounting medium. Z-stacks were taken using a Zeiss LSM 510 confocal microscope at 400× magnification at intervals of 2 mm. Paraffin sections were stained as previously described here.
Results
Slice Cultures From Glioblastoma: Histology and Survival
Slices were at first cut with a vibratome and survived well, with histological preservation of the main features of the original tumor for at least 16 days (Fig. 1) . At later stages, cell density appeared to decline in some tumor slices, whereas cells in other slices survived longer (Fig. 1E -H and I-L). Some tumors, however, were difficult or even impossible to cut due to their viscous texture, which may have resulted from altered collagen expression.
18,34 Using a tissue chopper resolved this problem with equally good histological preservation and maximal survival time. Histological examination of cultured GBM slices and comparison with the original neuropathology used for diagnosis confirmed striking maintenance of the general and individual hallmarks of the tumor (pleomorphic nuclei, palisading, invading vessels/neovascularization, and necrotic areas). As expected, GBM stained positive for GFAP, nestin (intermediate filament protein, GBM "stem" cell marker), and vimentin (mesenchymal intermediate filament protein) and differed strongly in their cell density and content of necrotic areas (Fig. 2) .
Irradiation of Slices: Effect on Proliferation
Ionizing radiation is known to cause DNA DSBs. If DNA repair cannot be conducted properly, cell proliferation is arrested at a cell cycle checkpoint and either is inactivated (eg, in postmitotic cells) or proceeds into programmed cell death. Here, we tested the dose-and time-dependent decrease of the proliferation index after SOBP carbon or X-irradiation. GBM slices were fixed 6 or 24 h after irradiation and processed for paraffin sectioning. Proliferating cells were labeled with a Ki67 antibody (Fig. 3A-D) , which marks cells in every state of the cell cycle except the G 0 resting phase. 35 The percentage of Ki67-positive cells in relation to the total number of nuclei was calculated to express the proliferation index. Carbon ions did not significantly diminish proliferation at 6 h, but after 24 h a reduction of 40% was found (P ¼ .018; Fig. 3E ). This is the first demonstration of specific effects of HI on human GBM tissue ex vivo. Photons also showed the anticipated timedependent reduction of proliferation (here, 50% after 24 h; Fig. 3F ). Thus, GBM-derived slice cultures can be irradiated and the biological effects of photons and HI on tumor cells and mechanisms of resistance can be studied in this model. . The proliferative fraction in relation to total cell number was determined in at least 12 pictures per group by using ImageJ software. After 6 h, the effect on proliferation was not yet significant after both irradiation types, but after 24 h both treatments resulted in a significant decrease of Ki67-positive cells (E and F). 
Exposure of Slices to Carbon Ions and Detection of DNA Damage
After induction of DNA DSBs by ionizing radiation, repair proteins are rapidly recruited to the sites of damage. In mammalian cells, this involves a cascade of proteins that ultimately allows repair of the breaks in the form of rejoining the loose DNA ends. 36,37 -39 When we established the irradiation setup of GBM slice cultures, we wanted to test whether the slices were evenly hit by the beam, and therefore we used gH2AX as an early DSB marker for the visualization of DNA damage. gH2AX describes a phosphorylation of histone 2AX at serine 139 around the region of the DSB, 40 which allows binding of further repair proteins, such as MDC1 and 53BP1. Once the repair process is completed, the repair proteins dissociate and H2AX is dephosphorylated by a distinct phosphatase complex. 41 Slices were irradiated with 4 Gy carbon ions in an SOBP to match therapeutic conditions, fixed after 1 h, and embedded in paraffin, and sections were stained with an antibody to gH2AX. gH2AX was mostly absent in controls but appeared in a punctuated nuclear pattern in all sections, confirming induction of DNA damage throughout the irradiated tissues (Fig. 4) .
Exposure of Glioblastoma Tissue Slices to Temozolomide: Detection of Cell Death Using Live Imaging
TMZ is the current gold standard in chemotherapy of GBM. 42 -46 It is an alkylating agent that, in an aqueous solution at physiological pH, dissolves into its bioactive form MTIC (5-(3-methyl-1-triazeno)imidazole-4-carboxamide), which is capable of penetrating the blood -brain barrier. 47 -49 To test whether GBM tissue in culture responds to TMZ treatment, slices were incubated with vehicle control or TMZ (50 or 200 mM). After 72 or 96 h, Hoechst 33342 and PI were Fig. 6 . Combined treatment of TMZ and irradiation with carbon ions and X-rays on human GBM slice cultures. GBM slices were treated with TMZ (200 mM), X-ray irradiation (4 Gy), SOBP carbon ions (2 Gy), or irradiation + TMZ. TMZ treatment started 24 h before irradiation and was maintained throughout the entire incubation time. Slices were fixed 2 days after irradiation, and H&E staining was performed for neuropathological assessment (A-D). In addition, activated caspase 3 was labeled (green in E), and fragmented nuclei were visualized using Hoechst 33342 (blue in E and H). Pictures of immunofluorescent stainings (in RGB format) were split into the three single channels of red, green, and blue, resulting in 3 gray-value pictures. The analysis was then performed using ImageJ's Area Measurement function. The area coverage is represented by white pixels in the respective channels and can be fine-tuned by threshold adjusting. In the green channel, the positive area represents the caspase 3-positive cell population, and in the blue channel, the area covered by nuclei is displayed (E-J). Carbon significantly reduced cell numbers (G), whereas X-rays did not (J). Significance was determined using GraphPad Prism 5 (1-way ANOVA, Bonferroni test). Both treatments result in a significant increase in cell death and morphological alterations compared with the vehicle-treated control. Original magnification: 400× in A-F.
added to the cultures to visualize intact and dying nuclei using confocal live imaging. Microimages were taken in which dying cells (Hoechst/PI double labeled) were counted and their number related to the total number of nuclei (Hoechst single labeled), allowing calculation of a cell death rate. TMZ-induced cell death was highly significant at 72 h, with little or no further increase until 96 h. This effect was more pronounced in slices treated with 200 mM compared with 50 mM of TMZ (Fig. 5) . Thus, chemotherapeutic effects can be mimicked in GBM slices and observed over time in situ.
Exposure of Slices to Carbon Ions and TMZ: Detection of Cell Death Using Activated Caspase 3 Staining
Slices were exposed to either TMZ or carbon ions in an SOBP alone or in combination and fixed 48 h after irradiation. TMZ treatment was started 24 h before irradiation, and a second dose was applied with the regular change of medium 48 h later. At the end of the treatment phase, induction of programmed cell death was determined using cleaved caspase 3 and H&E staining. All treatment regimens caused a decrease in cell density and nuclear alterations (Fig. 6B -D) . In some slices, intact nuclei could no longer be identified because only fragments remained. Therefore, instead of relating damaged cells to a total number of cell nuclei, the area coverage of caspase 3-positive (green) and Hoechstpositive (blue) pixels (Fig. 6E , caspase 3-positive cells; 6H, nuclear fragments) was calculated as a measure of treatment-induced damage. After all treatments, the area of caspase 3-positive pixels was significantly increased, whereas Hoechst-positive pixels were decreased ( Fig. 6F and G) . Both irradiation and TMZ alone induced cell death, but a combination of both treatments did not show a synergistic or additive effect in the cases studied. Irradiation with X-rays, however, also activated caspase 3 but did not cause significant cell loss ( Fig. 6I and J) . Thus, effects of established treatment options on cell death can be studied in GBM slices.
TMZ Treatment of Slice Cultures From Tumors With Different MGMT Promoter Methylation Statuses
Lack of promoter methylation of O 6 -methylguanine-DNA methyltransferase (MGMT) has been reported to significantly decrease patients' susceptibility to TMZ and thus survival, 50 -52 but there are also patients with nonmethylated promoter who benefit from TMZ treatment. In fact, we identified one tumor in which TMZ did not significantly induce cell death and we therefore requested the promoter methylation status, which is assessed by quantitative PCR and sequencing techniques of tumor material obtained from surgery. 53 -55 This tumor indeed turned out to have a nonmethylated MGMT promoter (Fig. 7) . However, in line with the clinical observations that some patients with nonmethylated MGMT respond to TMZ, we subsequently identified other tumors in which TMZ significantly enhanced activation of caspase 3 to levels comparable to those of the methylated tumor (Fig. 8) .
Discussion
Organotypic slice cultures derived from early postnatal rodent brain 56 are widely used in neuroscience due to their easy access for pharmacological intervention, electrophysiological studies, and live imaging. We have employed entorhinohippocampal preparations, which, due to the orientation of the trisynaptic pathway (perpendicular to the longitudinal axis of the hippocampus), allow for maintenance of the major connectivity. 12, 16 In this study, we adjusted cutting and culturing methods to prepare slices from human GBM and demonstrated evidence for their suitability as a test system for novel therapies including irradiation with HI. We irradiated GBM slices with photons and carbon ions and in both instances found that radiation induced DNA damage and strongly affected proliferation. Carbon ion radiation also induced activation of caspase 3, a potent inductor of programmed cell death (Figs. 3-6 ). In contrast to photon radiation, which delivers energy all the way through the body (eg, in an anterior-posterior direction), the depth of energy deposition of HI can be adjusted and limited to distinct areas of a few millimeters. 57, 58 In fact, much hope derives from successful intensity-modulated carbon therapy of chondrosarcomas of the skull base, a treatment first established at GSI. 59 -61 An accelerator specialized for medical applications has been constructed in Heidelberg and opened for patients in 2009. Currently, clinical trials and work with cell lines are aimed at testing the effects of carbon ion radiation in tumors other than chondrosarcomas. Our data support observations in GBM-derived cell lines 62, 63 and in a small group of patients, 64, 65 and our approach may lead to a more detailed understanding of the biological effects of HI and additional novel therapies. Moreover, surviving tumor cells can be studied to understand their mode of resistance.
We also applied TMZ to GBM slices and analyzed the effect on cell survival using PI staining and live imaging, as well as labeling of activated caspase 3 in paraffin-embedded sections. TMZ is an alkylating agent widely used to treat GBM that, in combination with radiation therapy, helps prolong patients' survival time. Survival depends on the methylation status of the promoter of the repair enzyme MGMT. Methylation was significantly more frequent in patients who survived longer than 36 months after surgery (P , .05). 66 Statistically, methylation status apparently affects susceptibility to TMZ, 50, 67 but some patients with nonmethylated status also seem to benefit from TMZ. Of note, determining methylation status is not trivial, as only a few of the 109 potential sites have been tested. 68 A recent survey among 1053 members of the neurooncology community in the United States found that only a small percentage (10.9%) of clinicians regard MGMT status as "always" or "almost always" helpful for their decision making. 69 In line with this observation, we identified 2 nonmethylated tumors that were resistant to TMZ (Fig. 7) but also found others that were not Fig. 8 . Caspase 3 activation in GBM slices after TMZ treatment independent of MGMT promoter methylation. After TMZ treatment, caspase 3 activation was detected in some specimens, whereas others seemed to be resistant. This was independent of MGMT promoter methylation. From left to right: GBM 1011 with methylated MGMT promoter (meth +) and significant caspase 3 activation; GBM 0411 with nonmethylated MGMT promoter (meth -) and significant caspase 3 activation; GBM 1211 with nonmethylated MGMT promoter (meth -) and significant caspase 3 activation; GBM 0812 with nonmethylated MGMT promoter (meth -) and significant caspase 3 activation; GBM 0611 with nonmethylated MGMT promoter (meth -) and nonsignificant (ns) caspase 3 activation; GBM 0512 with nonmethylated MGMT promoter (meth -) and nonsignificant (ns) caspase 3 activation. (t-Test, P , .05) (Fig. 8) . Thus, the next challenge will be to relate TMZ-induced cell death rates obtained in slices to (progression-free) survival times; we will address this issue with tumor-derived samples during the next 2 years to test the predictive value of this assay.
It may be trivial to state that only in vitro systems allow different therapeutic options to be tested for an individual patient. Our data demonstrate that tumorderived GBM-slice cultures in principle are suitable for that task as a step on the way to more personalized therapies while also helping unravel basic mechanisms of tumor resistance.
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